Abstract September 1997 registered the onset of a seismic sequence striking the Umbria-Marche region (Central Italy), in which earthquakes up to intensity IX caused widespread damage. With respect to villages settled in an intermountain basin near the epicentral area, the resulting damage pattern is investigated to give a better understanding of future local ground-motion sensitivity. Macroseismic data are collected and compared with the surface geology of 26 villages and hamlets within a restricted area. Among these 26 settlements, seven individual groups of different geological conditions are discernible, showing a gradual variation to the damage severity. The greatest damage occurred within the basin, in villages settled close to border faults. Significant damage also occurred at locations on the contact between fan debris with bedrock or alluvium. In support of models existing in literature, these observations show that strong shaking can be generated at the edge of basins.
Introduction
It is often difficult to evaluate the individual significance of elements that determine the seismic shaking of an inhabited center. Local surface geology, together with dwelling characteristics, are those most commonly claimed as shown by the recent destructive earthquakes of Michoacan, 1985; Loma Prieta, 1989; Kobe, 1995; and Izmit, 1999 . The crucial role of near-surface geology in site amplification has been demonstrated by many authors, both from theoretical and empirical points of view (i.e., Borcherdt, 1970; Borcherdt and Glassmoyer, 1992; Moczo and Bard, 1993 ; and many others). Many known geomorphological situations can contribute to the amplification of ground motion; those exhibited by topography or lithology, basin and edge effects and all lithological contacts where the impedance contrast is high. Concentration and/or sharp variations in the severity of damage are commonly attributed to transitions between soft-and hard-rock lithologies. In fact, numerical models and real case histories have shown strong correlation between damage and surface geology (i.e., Moczo and Bard, 1993; Spudich and Ida, 1993; Riepl et al., 1998) . More specifically, an increase of significant effects has been evidenced near the edge of soft basins (Rovelli et al., 1995; Kawase, 1996) , particularly if bordered by faults that can induce abrupt amplification (Pitarka et al., 1997; Pitarka et al., 1998; Marra et al., 2000) . Very few research studies to date have associated models and instrumental measurements with real observation of the earthquake effects (i.e., Seekins and Boatwright, 1994; Iwata et al., 1996; Toshinawa et al., 1997) . Other authors propose a qualitative description of site effects by linking macroseismic data and surface geology (i.e., Tertulliani and Maramai, 1998; Mucciarelli and Monachesi, 1998; Cifelli et al., 2000) . For example, Tertulliani (1999) investigated the relationship between damage and near-surface geology for some villages in central Italy, after the September 1997 Colfiorito earthquakes. This article completes the preliminary study presented in Tertulliani (1999) .
Between September 1997 and April 1998, the UmbriaMarche region (central Italy) was struck by a seismic sequence that caused heavy damage over a large area. The largest shock, M L ‫ס‬ 5.8, (M W ‫ס‬ 6.0; h ‫ס‬ 5.7 ‫ע‬ 2.0) occurred on 26 September (h 09.40 GMT) and was preceded by an event with M L ‫ס‬ 5.5 (M W ‫ס‬ 5.7; h ‫ס‬ 6.6 ‫ע‬ 0.9) earlier that day (Amato et al., 1998) ; the focal mechanisms of both events are extensional and consistent with a NE-SW directed stress regime (Cinti et al., 1999) . Important artistic and historical sites such as Assisi, Foligno, and many others suffered severe damage with heavy impact on the cultural heritage of the region. The epicenter was located at a distance of 5 km from the Colfiorito basin, where maximum intensity I ‫ס‬ IX occurred. Situated within a mountainous region of the central Apennines, the Colfiorito basin (Fig. 1) is the largest of a series of alluvial valleys associated with a fault array with main N-S orientation and bordered by NW-SE to NNW-SSE trending faults. Some of these show recent activity in continental deposits (sandy clays of Upper Pliocene) (Cello et al., 1997) . The area is characterized by small intermountain basins filled with continental deposits (lacustrine) from the Pleistocene and Holocene. Numerous debris fans mark the basin boundaries, outcropping on the bedrock (Meso-Cenozoic limestone and marls). Depth of the basins has still to be thoroughly investigated, but is reasonably estimated to be around 100 m at the deepest part. A seismic active experiment (Gaffet et al., 2000) has determined the thickness of the Verchiano valley alluvial sediments to be about 60-90 m (Fig. 1) . The impedance contrast between Cinti et al., 1998 and Tertulliani, 1999) . the limestone and lacustrine deposits is estimated to be 4-6 (Gaffet et al., 2000) .
The two main shocks occurring on 26 September are associated to normal NW-SE faults, although with opposing rupture directivity; the first southeastward, the second northwestward (Pino et al., 1999) . A maximum vertical coseismic subsidence of 0.25 m can be inferred from geodetic and SAR interferometry measurements (Anzidei et al., 1999; Salvi et al., 2000) . The macroseismic fields of several events within the sequence (see, for example, Tosi et al., 1998; Galadini and Galli, 1999) are in general agreement with the above seismological and tectonics outcomes.
The September 1997 to April 1998 earthquake sequence was characterized by six shocks with a magnitude greater than 5.0; the data here presented were collected prior to the beginning of October 1997. In some instances it was difficult to determine the damage contribution of individual shocks (Tosi et al., 1998) , although for several sites it was possible to differentiate between damage caused by the first and second events of 26 September 1997. Subsequently, the scenario of destruction became obviously and dramatically more severe.
In this article, hamlets and villages situated on or neighboring the alluvial basins ( Fig. 1 ) were studied to isolate and then to analyze the differing levels of damage displayed in the Colfiorito area during the first part of the earthquake sequence. The goal of this article is to show a set of detailed observational data, inferred from the macroseismic survey, that can be considered a useful tool for further modeling or empirical practices when analyzing earthquake hazards in areas of abruptly varying near surface geology.
Data Collection
Data were collected in the epicentral area during the field investigation and were then integrated with information coming from macroseismic surveys performed by the European Seismological Commission (ESC) Working Group in Macroseismology (Stucchi, 1998) . The damage data set for 26 sites was organized according to intensity, percentage 
*In the substratum column the settlement type of Figure 3 is indicated within the brackets.
†Distance from basin edge is measured only for localities settled on alluvial sediments. An alluvium depth of 60-90 m (from Gaffet et al., 1999) is available for the Verchiano basin only (see Fig. 1 ). of total collapses, and type of substratum (see Table 1 ). The intensity has been assigned according to the European Macroseismic Scale (EMS98). Building types present in the epicentral area have homogeneous characteristics typical of central Italian historical settlements, where most of the dwellings are built using simple stones with poor mortar, or nonreinforced squared stones and blocks (Fig. 2) . Furthermore, many old buildings are poorly renovated by, for example, structural overloading with concrete roofs. Vulnerability due to type, material, geometry, and state of maintenance can be considered very similar for the sample of buildings studied. On the contrary, the morphogeological conditions where the villages are settled show marked differences. Within the 26 cases shown, eight site types have been discerned for which different responses are evidenced (Fig. 3) . Table 1 lists the substratum type, percentage of totally collapsed buildings, and intensity at each location. In addition, consideration is given to the distance from the edge of the valley of sites locate on alluvium, often a critical parameter in the amplification of ground motion (Rovelli et al., 1995; Kawase, 1996; Pitarka et al., 1997; Cifelli et al., 2000) . Such distance has been measured by projecting the intensity point onto the nearest alluvium limit. Discussion Tertulliani (1999) observed that the variations in damage severity in the studied villages, ranging more than 2 units in intensity within 1 km, were not justifiable in terms of source effect due to their near proximity. In such a small area (Fig. 1) , with a hypocentral depth of about 7 km or less (Amato et al., 1998) , the source contribution should be represented by pure vertical incidence. Also, although needed to be included in the overall evaluation, the simple association of alluvium with amplification is not enough to explain some cases. From Figure 1 we can deduce that most of the heavy damage occurred in hamlets settled on alluvial deposits near to the edge of the basin, with a border fault to mark the bedrock limit. In fact, it emerges that the occurrence of major damage (total collapses up to/over 50%, and heavy damage to reinforced concrete structures) coincides with settlements founded on alluvial deposits close to the basin edge (distance Ͻ 150 m), bordered by outcropping faults (see Figure 3a) . If we consider the pattern of effects in detail, we can further observe that the severity gradually decreases as we move to villages settled on debris and on a bedrock-debris transition. The lowest intensity is found on bedrock sites and on the inner part of the basin. In recent literature we can find reasonable explanations for such results, even if the effects observed here could be complicated by the reduced scale of the structures involved and the moderate earthquake intensity. It has already been demonstrated that a complex basin edge structure can cause seismic energy to focus at sites close to the edge (Pitarka et al., 1996) .
Ground-motion measurements have been performed on sites affected by the Colfiorito sequence with a dense array of instrumental stations installed within the basin area (Caserta et al., 1998) . In that study a concentration of diffracted waves generated close to the basin edge was observed, which would have contributed to local ground-motion characteristics (see also Kawase, 1996; Pitarka et al., 1997) . Moreover, the significantly increased intensity found next to the edge of alluvial valleys in this study (Table 1) has also been mentioned by Cifelli et al., (2000) in the city of Rome, on the occasion of low-intensity shaking. As in the Colfiorito basin, the greatest effects were found within a 150-m band close to the bedrock to alluvium transition.
In addition to basin edge effects, directivity could also play an important role in driving the damage pattern. Pitarka et al. (1998) found that the coupling of source directivity and edge effects caused high-amplitude pulses. The rupture directivity of the two largest shocks of the Colfiorito sequence has been shown by Pino et al. (1999) . The first event (M w ‫ס‬ 5.7) displayed a southeastward directivity, and we found the greatest destruction from this earthquake in Collecurti, San Martino, Cesi Basso, Fraia, and also the Verchiano area (Fig. 1) , all villages located south of the epicenter. On the contrary, the second shock displayed a northwestward directivity. The highest intensities caused by this shock are distributed northward of its epicenter, such as Annifo (Fig. 1 ) and other localities not reported here (see also Tosi et al., 1998 and Galadini and Galli, 1999) .
This phenomenon seems to have some similarity with that shown by Pitarka et al. (1998) regarding the Kobe earthquake, where the coupling of basin-edge and source directivity effects are responsible for severe damage within a narrow band near the basin edge. Major damage surveyed in almost all of the settlements can be attributed to site effects, with the exception of the unexpected high intensity observed in Colle di Verchiano. The damage in this bedrock site cannot be explained by a site effect. Instrumental measurements of ground motion (Gaffet et al., 2000) also show no ampli-fications at the Colle di Verchiano site. A probable cause of the damage could be a disproportionately high vulnerability due to poor building maintenance.
Conclusion
In this study the damage distribution suffered by 26 villages after the first part of the Colfiorito earthquake sequence is described. The aim of the article was to determine and then itemize eventual correspondences between damage severity and geological conditions. From the observations here discussed, the following conclusions can be drawn:
• Highest intensities, up to IX degree, have been observed along the outer parts of the basin (see Table 1 ). Villages at greatest risk are revealed as those settled on alluvium within a 150-m-width band from the basin edge controlled by faults ( Figure 3a ); • Very heavy to intermediate damage is also witnessed in villages built directly on variable surface geology: alluvium-bedrock and alluvium-debris transitions, contact between debris and bedrock, debris beds, (settlement types respectively Figure 3b-f) . In all these cases intensity ranged from 7 to 8-9, with heavier damage occurring in those areas settled on the alluvial deposits (for example Fraia and Colfiorito sites in Figure 1 and Table 1 ); • lower intensities generally occurred in settlements based on bedrock (Fig. 3g ) and on the inner part of the basin (distance from the edge Ͼ 350 m) (Fig. 3h) ;
In conclusion, one can observe that the documented source directivity effect (Pitarka et al., 1998; Pino et al., 1999) , when combined with that of the site effects as discussed above, jointly contribute to the distribution of intensities resulting from the Colfiorito earthquakes sequence of 1997.
